The techniques of spatially resolved cross-correlation spectroscopy (CCS) and current pulse oscillography were used to carry out systematic investigations of the barrier discharge (BD) in the binary gas mixtures N 2 /O 2 at atmospheric pressure. At very low oxygen concentrations (<500 ppm), the BD was observed in a so-called diffuse mode (also referred to as atmospheric pressure glow discharge, glow silent discharge or homogeneous BD). In the case of the BD filamentary mode, the spatio-temporal distributions of the BD radiation intensities were recorded for the spectral bands of the 0-0 transitions of the second positive (λ = 337 nm) and first negative system of molecular nitrogen (λ = 391 nm). In the case of the diffuse mode, the spectral bands λ = 337 nm, λ = 260 nm (0-3 transition of the γ -system of NO) and λ = 557 nm (radiation of ON 2 excimer) were used for this purpose. The velocities of the cathode-directed ionizing waves as well as the effective lifetimes of the excited states N 2 (C 3 u ) υ =0 and N + 2 (B 2 + u ) υ =0 were evaluated from the CCS data. Special attention was devoted to the investigation of the transition between the filamentary and diffuse modes of the BD, this transition being caused by the variation of oxygen content within the range 500-1000 ppm.
Introduction
In the previous papers [1] [2] [3] , the results of the spatiotemporally resolved spectroscopic diagnostics of the barrier discharge (BD) in air at atmospheric pressure were reported. These data were obtained by means of the technique of spatially resolved cross-correlation spectroscopy (CCS). The same experimental equipment was used to accomplish a systematic study of the BD behaviour in the binary gas mixtures N 2 /O 2 , within almost the entire range of their component concentrations. Initially, by a systematic variation of oxygen content, we intended to clarify the role of working gas electronegativity in the discharge mechanism. Surprisingly, we did not find any qualitative change in the spatio-temporal structure of the microdischarges (MDs, the BD constituents in electronegative gases [4] [5] [6] ) over a wide range of oxygen concentrations (namely, from 97 vol.% down to 0.5 vol.%). On the other hand, in the N 2 /O 2 mixtures with very low O 2 content, we found a BD operating in the diffuse mode (also referred to as atmospheric pressure glow discharge [4] , glow silent discharge [7, 8] or homogeneous BD [9, 10] ). Therefore later, we also concentrated on the diffuse mode of the BD, in order to contribute to a better understanding of the mechanism of this discharge type by means of the spatiotemporally resolved spectroscopic diagnostics provided by the CCS technique.
The plan of this paper is as follows. Only a few important aspects of experimental technique are considered in section 2, since the corresponding full and detailed description of the apparatus and procedure of the CCS measurements is presented in the previous papers [1] [2] [3] . In section 3, the experimental results are reported first for the filamentary mode of the BD (section 3.1), then for the diffuse mode (section 3.2), and finally the transition between these two modes is considered (section 3.3).
Description of experimental technique
In this work, the same experimental equipment as described in [1] was used. The BD was generated in a flowing gas mixture of nitrogen and oxygen in the discharge cell consisting of two semi-spherical electrodes, both covered by glass ( figure 1 ). This discharge cell was placed in a chamber which was evacuated down to 0.1 mbar before each experiment. Variation of the working gas composition was performed by the mass flow controllers (MKS 1259 CC), provided that the total gas flow rate was maintained at about 40 litre h −1 . The BD was driven by a sinusoidal voltage (frequency 6.5 kHz; peakto-peak amplitude within the range 12-19 kV). In the case of filamentary mode operation, the voltage amplitude was adjusted so as to maintain the discharge in a mode with only one MD per voltage half-period, as shown in figure 1 .
The technique of spatially resolved CCS (see [1] for a detailed description of this method, experimental equipment and measurement procedure) was used as a main diagnostic tool to investigate the BD structure for both operation modes (filamentary and diffuse). The main idea behind the CCS method is to replace a direct measurement of the single pulse luminosity of a repetitive light pulse emitter by a statistically averaged determination of the correlation function between two optical signals, both originating from the same source. The first one of these signals (the so-called 'synchronizing signal') is used to define a relative time scale, the second one ('main signal') has to be detected with a probability at least one order of magnitude lower than that of the synchronizing signal. The measured quantity is actually a time delay between these two signals, and the recorded quantity is a probability density function for the light pulse intensity evolution. If the repetitive light pulses reproduce each other sufficiently exactly, and if the synchronizing signal detection is adjusted in such a way as to occur always at the same moment of a single light pulse evolution, then the recorded probability density function is proportional to the light intensity I (t) of the source under consideration.
In the case of the diffuse mode, it appeared to be necessary to modify the measurement procedure, since the standard CCS technique failed to function properly due to the missing of a triggering signal. Originally, the CCS apparatus (timecorrelated single-photon-counting module SPC-530 from Becker and Hickl GmbH) was designed so as to use a triggering signal generated by a repetitive pulse source of radiation (i.e. by the BD itself), provided that the duration of these light pulses was within a nanosecond range. For a diffuse BD, the duration of the current and light pulses is determined by the frequency and amplitude of the driving voltage [4] . Under the experimental conditions being considered, such pulses last for several microseconds. Therefore, they cannot be registered by the module SPC-530.
To overcome this obstacle, an external independent generator of the triggering signals was added to the experimental set-up. A 'coarse' time scale was provided by the pattern generator synchronized with the phase ϕ of the feeding sinusoidal voltage (see figure 2 and [1] for details). Due to the random character of the correlations between the triggering signal from the external generator and the light pulses from the BD, the distributions of the counted photon numbers over the fine time scale become uniform (compare figures 2(a) and (b)). However, the amplitudes of these uniform distributions recorded for different voltage phase intervals ϕ i are proportional to the corresponding BD radiation intensities. Thus the 'coarse' time scale (resolution t = 2.3 µs) can be used to measure the radiation kinetics of a BD operating in diffuse mode. In order to reduce statistical errors (that are clearly seen on the curves in figure 2(b) ), the counted photon numbers recorded in all channels of the fine time scale for each ϕ i were summarized, i.e. actually we used the integrals of the uniform distribution functions instead of their amplitudes.
The MD current pulse measurements were performed by the fast-current probe (Tektronix, CT-1) that surrounded the MD-current-carrying conductor between the low voltage electrode and ground (i.e. instead of R meas in figure 1 ).
Results and discussion
The special discharge cell geometry (two semi-spherical electrodes, see figure 1 ) was used instead of a traditional parallel-plane electrode arrangement, in order to localize the successive MDs in a definite position [1, [11] [12] [13] [14] . It seems reasonable to assume that such an electrode configuration possessing cylindrical symmetry is favourable for the filamentary mode of a BD (MDs have twodimensional structure, see [2, [4] [5] [6] ), but not for the diffuse one (one-dimensional structure, see [4, [7] [8] [9] [10] ). That is why when we planned our experiments in N 2 /O 2 mixtures using this special discharge cell, we did not expect to observe a diffuse BD. Surprisingly, despite the 'unfavourable' discharge cell geometry, the diffuse mode of the BD appeared to be quite stable at oxygen concentrations below 500 ppm. If the concentration of oxygen was greater than 1000 ppm, only the filamentary mode of the BD was observed. Within the transient concentration range (500-1000 ppm), both modes were found to be unstable, i.e. they either followed one another, or existed simultaneously (see section 3.3).
Filamentary mode
In order to investigate the influence of electronegativity of a working gas on the mechanism of the BD development, we carried out systematic CCS measurements of the MD luminosities for several binary mixtures (N 2 /O 2 ) with the following values of oxygen content (volume percentage): 0.5, 1, 3, 6, 10, 21, 30, 50, 70, 90, 97. The spatio-temporal distributions of the MD radiation intensities were recorded for the spectral bands of the 0-0 transitions of the second positive (SPS, λ = 337.1 nm) and first negative system of molecular nitrogen (FNS, λ = 391.5 nm). Several typical examples of these measurement results are shown in figure 3 .
For all the binary mixtures listed above, the same characteristic features of the MD luminosity distributions as for air [1] were observed, namely a weak glow on the anode surface at the beginning, and a cathode-directed ionizing wave with the first intensity maximum near the cathode followed by the second intensity maximum near the anode. The second maximum is greater than the first one for SPS and considerably lower for FNS. These results allow us to conclude that within the concentration range of oxygen from 0.5 to 97 vol.%, the mechanism of the MD development does not change.
It should be noted that such data arrays (i.e. spatiotemporal distributions of the MD radiation for SPS and FNS) can be used to evaluate the corresponding spatio-temporal structures of electric field and electron density within the MD channel [1] [2] [3] 15] , provided that the following kinetic data are available: the rate constants for the reactions of N 2 excitation by direct electron impact to the states N 2 (C u ) υ =0 in a wide range of reduced electric field strength (E/N) variation, or experimentally determined intensity ratios of the corresponding nitrogen bands as functions of field strength [16] .
Some important quantitative estimates can be derived directly from the measurement results without any data processing. The first concerns the characteristics of the cathode-directed ionizing waves (also referred to as streamers [1, [4] [5] [6] ). Their trajectories can be easily obtained from the plots of spatio-temporal distributions of the MD radiation intensity for FNS, provided that these plots are presented on a logarithmic scale with a sufficient resolution. An example of such a presentation is shown in figure 4 together with the indicated trajectory of the cathode-directed ionizing wave. This graphical procedure was used to determine the local velocities of the cathode-directed ionizing waves for all working gas mixtures under consideration with the exception of those two corresponding to the highest oxygen content (90 and 97 vol.%). In the latter cases, the radiation intensities for FNS appeared to be too low to provide sufficient resolution on the luminosity plots. Figure 5 demonstrates that on most of the pathway from the anode to the cathode, the ionizing waves propagate with exponentially growing velocities (considered as functions of the distance from the anode surface).
For the results presented in figure 5 , the values of experimental errors (including uncertainties of graphical differentiation of the ionizing wave trajectories; see figure 4 ) are comparable to the distance between two dashed lines limiting the area of data scattering. Taking this into account, we may conclude that under the conditions being considered and within the limits of our experimental accuracy, no noticeable influence of oxygen content upon the propagation of the cathode-directed ionizing waves can be observed.
In contrast to the behaviour of the ionizing waves discussed above, the last phase of the MD development (the 'phase of decay', see [1] ) depends on the composition of the binary N 2 /O 2 mixtures. This dependence can be clearly seen from the results of the MD current pulse measurements. It should be noted that the shapes of the MD current and light pulses are similar for different N 2 /O 2 mixtures (a steep rise followed by exponential decay; as an example see pulses shown in figure 2(a)). Actually, such a pulse can be characterized completely by only two quantities, namely the amplitude and the full-width at half-maximum (FWHM) value.
In figure 6 , the FWHM values of the measured current pulses for the series of gas mixtures under consideration are compared with corresponding experimental results from [17] . Despite different experimental conditions (the authors of [17] used a parallel-plane electrode arrangement in asymmetric configuration 'metal-glass' with a discharge gap of 1.5 mm, the BD operated at a pressure of 573 Torr), these results are in good qualitative agreement. The statement 'the greater the oxygen content, the shorter the MD duration' seems to be a universal rule for the binary N 2 /O 2 mixtures [5, 12, 17] .
To evaluate the FWHM of the MD light pulses, the corresponding spatially resolved CCS data were summarized over the entire range of axial scanning (see figure 1 ). The MD pulses were found to be shorter for light than for current ( figure 6 ). This experimental finding can be explained in terms of the MD development mechanism proposed in [1] , and namely, a slow decrease in electric field during the MD decay phase may be expected to result in a current decay of a comparable characteristic time and, in contrast, to cause a rapid fall in the light intensity. It is interesting to mention that the strongest dependence of the MD current and light pulse duration on the oxygen content is observed at low oxygen concentrations (figure 6).
Electric charges transferred by the electron components of the MD currents were evaluated by numerical integration of the measured MD current pulses. These results are shown in figure 7 together with the corresponding experimental data [17] .
Qualitatively, there is no difference in the behaviour of the curves presented in figures 6 and 7, i.e. the values of the transferred charges as well as the values of FWHM decrease with an increase in oxygen content. Quantitatively, the difference between the corresponding curves for transferred charge and FWHM (compare figures 6 and 7) may be expressed by the dependence of the MD current pulse amplitude on the oxygen content (see figure 8) , since the values of the transferred charge (equal to the areas under the current pulses, see examples included in figure 8 ) are roughly proportional to the products of the FWHM and current pulse amplitude.
In contrast to the FWHM and transferred charge, the current pulse amplitude has been found to be an increasing function of oxygen content within the range 0.2-10 vol.% and a decreasing one for oxygen concentrations greater than 10 vol.% ( figure 8 ). It is difficult to propose a simple explanation for such behaviour of the current pulse amplitudes, since the latter quantities are determined by the parameters of ionizing waves as well as by the mechanism of the rearrangement of a 'transient' cathode sheath to surface discharge on the cathode [18] .
With regard to the FWHM values (figure 6), their dependence on the oxygen content can be explained as follows. During the decay phase of the MD development, most of the electrons are in the region with a low and slowly decreasing electric field [1] . Under such conditions, electrons disappear from the MD channel not only because of their drift and transition onto the anode surface, but due to electron attachment as well. Obviously, the greater the oxygen concentration, the higher the electron attachment rate is.
In the case of light pulses, the values of the decay rates can be determined from the experimentally obtained spatiotemporal distributions of the MD luminosity (see examples in figure 3) without using any spatial integration. These local decay rates should be treated as functions of the two variables: position (r) and time (t). In order to perform such an analysis of our CCS measurement data, first of all, we have to consider the basic elementary processes determining the MD radiation kinetics. According to the results [19, 20] based on the general kinetic scheme of a non-equilibrium discharge in nitrogenoxygen mixtures [21], the following six elementary processes should be taken into account to describe the radiation kinetics for SPS and FNS (0-0 transitions) at atmospheric pressure.
Excitation of the molecules of nitrogen (in the ground state) by direct electron impact:
Spontaneous radiation of thus formed excited species:
Collisional quenching of the excited species by the molecules of nitrogen and oxygen:
The model (1)- (6) should be completed by including the vibrational kinetics of excited nitrogen, and in particular the processes
In the case υ − 1 = 0, reaction (8) provides an additional source of the radiating species being considered. Taking into account the processes (7) and (8) can be important for mixtures with low oxygen content, i.e. when the collisional quenching by O 2 is not a dominating factor anymore [23, 24] . However, since the following kinetic analysis of our experimental data is focused on the collisional quenching of the radiating species and not on their production, hereafter, the 'shortened' kinetic scheme (1)- (6) is used for simplicity.
Within the frame of the kinetic scheme (1)- (6), the local concentrations of the excited species N 2 (C u ) υ =0 denoted below, respectively, as n C (r, t) and n B (r, t), obey the following differential equations:
Here k C and k B are the rate constants of the reactions (1) and (2), respectively, which are treated as sole functions of the reduced field strength E/n. n e (r, t), n N2 and n O2 are the electron density, and concentrations of molecular nitrogen and oxygen in the ground electronic states, respectively. The effective lifetimes τ C eff and τ B eff are defined as follows:
.
Here τ are the characteristic times of the radiating transitions 0 → υ for the excited states under consideration.
The intensities of light for the spectral bands of the SPS (0-0) and FNS (0-0) calculated from the corresponding experimentally measured photon count rates, are directly proportional to the rates of the reactions (3) and (4), respectively.
Here h is Planck's constant and c is the velocity of light. The transmission coefficients T C and T B for the corresponding spectral bands are determined by the characteristics of the optical system and by the sensitivity of the detector [1] .
They do not depend on the spatio-temporal coordinates (r, t). Therefore, equations (9) can be rewritten in terms of the experimentally measured quantities I C (r, t) and I B (r, t) as follows:
The differential equations (12) and (13) describe a nonuniform radiation kinetics within the MD channel for both spectral bands under consideration. The source terms in these equations are proportional to the local electron densities. Obviously, a decrease in the light intensity (dI/dt < 0) can be observed only when the term I (r, t)/τ eff becomes greater than the corresponding source term. The fastest radiation intensity decay may be expected under the conditions when the source term is negligible compared with the I (r, t)/τ eff value. In the case of the latter, the solutions of the thus simplified equations (12) and (13) are written as
We used approximations (14) to estimate the values of the effective lifetimes of the states N 2 (C , respectively) from the experimentally obtained spatio-temporal distributions of the MD luminosity, i.e. from the CCS data arrays for I C (r, t) and I B (r, t). For this purpose, in each CCS-data array, we selected positions and short time intervals (but not shorter than 0.5 ns, i.e. containing at least ten measurement points) corresponding to the maximum rate of intensity decrease. Then, we approximated the dependences I (t) using expressions (14) , and thus determined the values of the effective lifetimes τ eff . These data for the binary N 2 /O 2 mixtures under consideration are compared in figure 9 with the results of the direct calculation of the effective lifetimes τ (12) and (13), the results of the CCS data processing can be greater than the corresponding real values of the effective lifetimes. Therefore, they should be treated as upper estimates for τ C eff and τ B eff . Figure 9 shows that these upper estimates appear to be very close to the curves obtained by direct calculation using the following values of the collisional quenching rate constants Table 1 . Radiating lifetimes and collisional quenching rate constants used for calculations. selected from the literature (an overview of these kinetic data is presented in [1] ). In the case of the FNS, no noticeable influence of the oxygen concentration on the effective lifetime τ B eff is observed (see figure 9(a) ). For the SPS, an increase in oxygen content results in a considerable decrease of the τ C eff values ( figure 9(b) ). These dependences are actually determined by the values of the rate constants of collisional quenching of the radiating species N 2 (C It is interesting to mention that the magnitudes of the FWHM corresponding to the exponential decay constants τ C eff presented in figure 9 are several times less than the values of the FWHM of the MD light pulses shown in figure 6 . It is not a discrepancy, because the results in figure 9 correspond to the maximum local decay rates while the data in figure 6 are spatially integrated, i.e. they are related to the overall behaviour of the MD. Furthermore, this comparison leads to the conclusion that the influence of oxygen on the duration of the MD light pulse should be interpreted in terms of the mechanism of MD development (e.g. an influence of electronegativity), rather than within the framework of the consideration of collisional quenching efficiency.
Diffuse mode
Some noticeable differences between the BDs operating in the filamentary and diffuse modes could be clearly seen with the naked eye. In the case of a filamentary mode, a distinct structure of the MD channel (a thin light filament with two feet near the electrodes) was observed. When the BD was operated in pure nitrogen (diffuse mode), it looked like two round luminous spots, a few millimetres in diameter, located on the electrode surfaces. A moderate rise in the feeding voltage amplitude led to a noticeable broadening of these spots; further voltage increase resulted in the appearance of the current spikes (transition to the filamentary mode).
Filamentary and diffuse modes of the BD can be easily distinguished using current oscillography (current spikes in the case of a filamentary mode and 'humps' in the case of a diffuse mode, see figure 1 ), or emission spectroscopy (figure 10).
For the BDs operating in the filamentary mode in air as well as in the binary N 2 /O 2 mixtures, emission spectra were found to consist of several bands of the SPS of molecular nitrogen, and of one band of the FNS (0-0 transition, λ = 391.5 nm) only. An example of such a spectrum is shown in figure 10 (upper plot) . In the case of the diffuse mode, there was no emission from the FNS in the spectrum (see figure 10, Figure 11 . Illustration of the discharge current evaluation procedure.
lower plot), but there were several peaks corresponding to the γ -system of NO (λ < 300 nm), and the peak of the excimer ON 2 (λ = 557.7 nm). For the latter spectral bands, light emission is caused by the following elementary processes [7, 27] :
To carry out systematic spatially and temporally resolved CCS measurements of a BD operated in the diffuse mode, we have selected the following spectral bands: λ = 337.1 nm for SPS (0-0 transition, see reaction (3)); λ = 259.6 nm for the γ -system of NO (0-3 transition, reaction (15)); λ = 557.7 nm for ON 2 -excimer (reaction (16) ). The active discharge current was calculated by the subtraction of the capacity component from the measured total current (see figure 11 ). This difference is plotted in figure 12 together with the normalized integral intensities of the BD light emission for the selected spectral bands. The integral values of the radiation intensities were determined by summarizing the corresponding spatially resolved CCS data over the entire range of axial scanning (see figure 1) .
The entire time scale in figure 12 (155 µs) is a little larger than the period of the feeding voltage (154 µs; see figure 11 ). Therefore, there are two similar groups of peaks, each group corresponding to a half-cycle of the voltage. The half-cycles of the driving voltage as well as of the active current that follow one another have opposite polarities (see figure 11 ). For simplicity of comparison, we changed the sign of the negative current half-cycle in figure 12 .
The behaviour of the curves presented in figure 12 demonstrates the same characteristic features of the BD current evolution and radiation kinetics as those reported in [7] for quite different experimental conditions (a parallel-plane electrode arrangement, dielectric barriers made from alumina, gap width of 2 mm), namely a coincidence of the current and light pulses for SPS, and considerable delays of the light pulses for the γ -system of NO as well as for the ON 2 excimer. According to the kinetic scheme proposed in [7] , the state N 2 (C 3 u ) υ =0 is excited by direct electron impact (1), while the other radiating species are generated in the following reactions:
The state-to-state N 2 (A 3 + u ) energy-pooling reactions [28]
could be considered as a possible reason for the noticeable delay of the SPS radiation as compared to the current evolution. However, taking into account experimental results obtained by the authors [7] , who observed almost complete coincidence of the current and light pulses in the case of a parallelplane electrode arrangement, it seems reasonable to explain the deviations between the corresponding curves in figure 12 by the special shape of the discharge cell (two-dimensional geometry), the method of spatial integration of the light intensity being axial scanning. Since collisional quenching of the state N 2 (C 3 u ) υ =0 by the molecules N 2 (see figure 9(b) ) is much faster than experimentally observed variation of the integral radiation intensity for SPS (see figure 12) , the latter quantity (I C (t)) is proportional to the total number of electrons in the BD plasma and hence, to the electron component of the BD current. The radiation kinetics of the other excited species (i.e. NO(A 3 + ) and O( 1 S)N 2 ) is determined by the reactions (17)- (20); hence, the delays of the corresponding light pulses in figure 12 can be explained by the effect of the accumulation of nitrogen metastable states N 2 (A 3 + u ). The results of the spatially resolved CCS measurements for the radiating species being considered are presented in figure 13 . In these plots, the time scale corresponds approximately to one period of the driving voltage, i.e. it includes two half-cycles of opposite polarities. Due to the symmetry of the electrode arrangement, the luminosity distributions are symmetrical for the voltage half-cycles of opposite polarities. The light intensity maxima are located at the anode. At any point in time, the spatial luminosity distributions exhibit exponential growth with distance from the cathode. This evidence is in favour of the Townsend mechanism of diffuse BD in nitrogen [29] .
In the case of the SPS ( figure 13(a) ), there is a period of about 15 µs between subsequent light pulses, when no radiation in the entire discharge gap is observed. The luminosity distribution plots (b) and (c) presented in figure 13 show that light emission for the spectral bands of NO (γ -system) and O( 1 S)N 2 is observed in the entire discharge gap; it is never interrupted but increases and decreases only periodically. This means that even between subsequent pulses of the current, the BD plasma remains in an active state.
There is a noticeable difference in the behaviour of the curves of equal intensity shown in figure 13 . The curves for the spectral bands of SPS and the γ -system of NO (plots (a) and (b)) look smoother than the curves on the plot (c). The reason for this difference is that the light intensity (photon counting rate) detected from O( 1 S)N 2 was considerably lower than for the other radiating species being considered, and hence the measurement errors were greater. These errors are determined by the statistical nature of the CCS method, their values being proportional to the square root of a measured quantity [30] . Thus, the shapes of the curves on the plot (c) show the level of statistical scattering of the measurement data.
In concluding this subsection, the following remark should be made. The mechanism of the diffuse BD in nitrogen has not been understood completely as yet. The decisive criterion for the generation of a diffuse BD is the presence of charge carriers at a low electric field, i.e. a memory effect responsible for the production of primary electrons below the breakdown voltage [7] . The processes discussed in the literature are Penning ionization (equation (22) [9] and secondary electron emission by nitrogen metastables from the charged dielectric [31] .
Several theoretical models assuming different kinetic schemes and boundary conditions have been proposed to describe the properties of the diffuse BD in nitrogen [9, 10, 29, 31] . The CCS technique provides spectrally, spatially and temporally resolved experimental data that can be used for thorough testing of different numerical models. 
Transition between the modes
For a BD in nitrogen, a transition from the diffuse to the filamentary mode can be caused by an increase in the driving voltage amplitude [8] , by a variation of the voltage frequency (the diffuse mode of the BD is stable within certain frequency limits only [8] ), or by impurities in the working gas. In this paper, we report the results of the experimental investigation concerning the influence of the oxygen admixture on the behaviour of the BD in nitrogen. All these experiments were carried out in an open gas flow system. The flow rate of N 2 was maintained at the level corresponding to a linear gas velocity through the discharge gap of about 0.16 cm s −1 (laminar flow). Variation of the O 2 concentration (initial admixture of oxygen) was performed using mass-flow controllers (see section 2). The influence of the oxygen admixture on the BD behaviour is clearly seen in the current oscillograms presented in figure 14 .
The diffuse mode of the BD was found to be stable in pure nitrogen (the content of impurities <10 ppm) as well as in the binary mixtures N 2 /O 2 at oxygen concentrations below 500 ppm. An example of a current oscillogram for this mode is shown in figure 14(a) . A further increase in O 2 content caused some irregular disturbances in the current behaviour including the appearance of the current spikes typical of the filamentary mode (compare plots (b) and (c) in figure 14) . At oxygen concentrations higher than 1000 ppm, the BD operated in the filamentary mode, only. It is interesting to note that within the transient concentration range (500-1000 ppm), the filamentary mode exists simultaneously with the diffuse mode (the current spikes appear on the current 'humps', see figure 14(b) ).
In order to analyse the influence of oxygen admixture on the emission spectrum of the BD in nitrogen, we plotted the integral radiation intensities for the selected spectral bands as functions of the oxygen content ( figure 15) .
Several different effects can be distinguished, which determine the shape of the curves presented in figure 15 . The addition of oxygen may be expected to cause a certain increase in the concentrations of NO and O atoms (via the plasma chemical conversion), and therefore some growth of the corresponding emission intensities. On the other hand, molecular oxygen is an effective quencher of the metastable states N 2 (A 3 + u . The density of the metastables is a principal quantity, since they excite the radiating species (17), (20) and their precursors (18) , (19) . Another negative effect can be caused by electronegativity of molecular oxygen. Due to electron attachment (e.g. O 2 + e → O − + O), free electrons are removed from the discharge zone. Therefore, the concentrations of all excited species decrease. Collisional quenching as well as electron attachment finally results in a qualitative change of the discharge mechanism (i.e. the transition from the diffuse to the filamentary mode of the discharge).
The similarity of the shapes of the curves presented in figure 15 leads to the conclusion that these dependences are determined mostly by the influence of the oxygen content on the discharge mechanism, i.e. upon the spatio-temporal distributions of electric field and electron density.
The most interesting aspect in the behaviour of the curves shown in figure 15 seems to be the initial rise of the radiation intensity for SPS within the oxygen concentration range 0-40 ppm. This effect cannot be explained within the framework of the kinetic models of the diffuse BD in nitrogen [9, 10, 29, 31] even at a qualitative level. Another theoretical approach to the description of reaction kinetics in nitrogen at atmospheric pressure should be mentioned in this regard. The authors [32] developed a detailed theoretical model for the non-self-sustained glow discharge in nitrogen, assuming a dominant role of O-atoms in the discharge mechanism via the reactions of associative ionization. They found that 'even a small oxygen admixture greatly affects the dynamics of a nonself-sustained discharge in atmospheric-pressure nitrogen'. Therefore, this model seems to account for the above described effect of the oxygen admixture on the diffuse BD in nitrogen.
Conclusions
Under the experimental conditions being considered (symmetrical electrode configuration 'glass-glass', gap width of about 1 mm, feeding voltage frequency of 6.5 kHz), in the binary N 2 /O 2 mixtures at atmospheric pressure, the BD can operate in two different modes (filamentary or diffuse), depending on the oxygen content.
At oxygen concentrations greater than 0.1 vol.%, the BD exists in the filamentary mode, only. A variation of the oxygen content within this concentration range does not cause any qualitative changes of the MD development mechanism, and it does not exert any noticeable influence on the velocities of the cathode-directed ionizing waves. The duration of the MD decay phase as well as the magnitude of the transferred charge decreases monotonically with an increase in oxygen content. The latter effect is evidence for the dominant role of electron attachment.
At oxygen concentrations less than 0.05 vol.%, the BD operates in the diffuse mode, provided that the driving voltage amplitude is sufficiently low. The spatio-temporal distributions of the light intensity for the selected spectral bands correspond to the Townsend mechanism of discharge development.
Within the transient concentration range (0.05-0.1 vol.%), both modes are unstable, they either follow one another, or coexist. The transition from the diffuse to the filamentary mode is caused by the resonance collisional quenching of the nitrogen metastable states N 2 (A 
